ABSTRACT The atomic magnetometer in the application of simultaneous multichannel biomagnetic field measurement has gained increasing attention in recent researches. In this paper, a novel asymmetrical heating method for improving the temperature spatial homogeneity of the vapor cell in atomic magnetometer based on the finite element method was investigated. The homogeneity of temperature spatial distribution and the consistency of output signal from multilocation in a large vapor cell were numerically analyzed considering multichannel magnetic field measurement. With this asymmetrical heating method, the multilocation measurement signal regularity in the large vapor cell has been improved and the minimum variation coefficient of nine sensing areas' measurement signals decrease over 70% compared with the common heating method with the same heating temperature for the quadrate cell. This method is of great interest for the applications in miniaturing magnetometers of multichannel biomagnetic field measurement.
I. INTRODUCTION
The biomagnetic field measurement techniques, such as magnetocardiography and magnetoencephalography, have gained more attention in basic research and clinical treatment [1] - [4] . High sensitivity magnetometers are required to accomplish biomagnetic field measurement (10 −6 − 10 −9 of terrestrial magnetism) [5] . Recently, optically pumped atomic magnetometers (OPAMs) working in the spin-exchange relaxation free (SERF) regime reached a measurement sensitivity of 0.16 fT/Hz 1/2 in the gradiometer arrangement by Romalis' group [6] - [8] . Compared with superconductive quantum interference devices (SQUIDs), OPAMs have the advantages of no cryogenic cooling requirement and low
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In the measurement of biomagnetic field using OPAMs, the simultaneous multichannel magnetic field measurement is required to obtain magnetic field distribution [11] , [12] . To realize multichannel arrangement, building multiple modules is a useful technique, consisting of a series of probe beams irradiating different vapor cells [13] . However, the measurement signals in each module tend to be non-uniform because of the alkali vapor density differences in each vapor cell. Another efficient technique, which could eliminate the influence caused by individual differences for different vapor cells, is to comprise multiple pump and probe beams irradiating a large vapor cell [14] , [15] . A relatively larger vapor cell can replace a series of small-or micro-cells to realize FIGURE 1. A 9-channel magnetic field measurement model. Probe beam 1 contains signals at locations 1, 2 and 3. Probe beams 2 and 3 are the same to probe beam 1. The reported technique can separate signals from each location based on frequency modulation [9] , [10] .
multichannel biomagnetic field measurement. Figure 1 shows a simplified 9-channel measurement model which contains nine sensing areas in a large vapor cell [15] . The research in handling multichannel OPAMs in a large vapor cell has been reported [9] , [14] . In this technique, the optimization of signal regularity in different channels is important to improve the biomagnetic field measurement quality. The alkali vapor density spatial distribution in a large vapor cell directly affects the measurement signal processing of multichannel magnetic field [16] . The alkali vapor density spatial distribution depends on the temperature spatial distribution [17] . Heating the vapor cell by hot air flow is a typical method to obtain alkali vapor [14] . Its main restrictions are low heating efficiency and the external oven which is difficult to realize miniaturization. The diode laser heating method can only be used in MEMS atomic magnetometers at present for its heating power limitation [18] . The non-magnetic electrical heating method is an another useful technique to heat the vapor cell, which has been widely used in OPAMs due to its high heating efficiency and convenience for miniaturization [19] , [20] . However, it is difficult to heat uniformly using this high efficiency technique due to the construction asymmetry of the inner oven. Thus, it is necessary to study the temperature spatial distribution in the large vapor cell for the application of OPAMs in multichannel biomagnetic field measurement.
In this paper, a novel asymmetrical heating method based on the non-magnetic electrical heating technique was investigated to improve the temperature spatial homogeneity in a large vapor cell of atomic magnetometer. Firstly, the output signals of potassium OPAM in different vapor cell temperature conditions and the temperature spatial distribution homogeneity in different heating conditions were numerically analyzed using the finite element model. To validate the proposed method, the consistency of average temperature from nine sensing areas in the large vapor cell was also numerically analyzed. Finally, the consistency of output signals from nine sensing areas in the large vapor cell in different heating conditions was studied. Figure 2 shows the operating principle of OPAMs. OPAMs could realize high precision measurement for an external magnetic field in SERF regime. The spins of atoms are oriented by the circularly polarized pump beam. A magnetic field perpendicular to the pump beam rotates the spins by an angle α which is proportional to the magnetic field. The linearly polarized probe beam perpendicular to both the pump beam and the magnetic field is used to measure the rotation angle α. Then, the intensity of the magnetic field could be obtained by monitoring the rotation of the probe beam polarization plane. The relationship between the output signals V 0 of atomic magnetometer and the external magnetic field is given as follow: [21] 
II. MODELING AND THEORETICAL ANALYSIS
where B y is the external magnetic field along Z-axis which is the default sensitive axis in this work, K 1 is expressed by [22] 
where G is photoelectric transformation coefficient, I pr is the intensity of incident light, η is the light attenuation coefficient of vapor cell, l is the length of the optical path, r e is electron radius, n is the alkali vapor density, c is the velocity of light, f D1 is the intensity of vibration at D1 line for alkali atoms, ν pr is the frequency of probe beam, ν D1 is the center frequency of D1 line, is the pressure broadening, R OP is the pumping rate, γ e is the gyromagnetic ratio of electron, R rel is the transverse relaxation rate and OD (ν pr ) is the optical depth, respectively. OD (ν pr ) is expressed by [22] OD ν pr = nlσ ν pr = nlr e cf D1 /2
(2) and (3) show that the scale factor K 1 is relative to the alkali vapor density n. The alkali vapor density n is expressed by
in which A and B are constants, for potassium in liquid condition, A = 4.961 and B = 4646 [17] . Thus, the alkali vapor density n is determined by the temperature T inside the vapor cell. Figure 3 shows the normalization simulated calibration coefficient K 1 under different temperature of the potassium vapor cell. The length of the optical path l is set as 21 mm. The intensity of potassium vibration f D1 is about 0.324 and the pressure broadening of potassium is about 42 GHz. The probe laser detuning (ν pr −ν D1 ) is set to 150 GHz. The bigger scale factor K 1 means the higher measurement sensitivity and the biggest scale factor K 1 could be obtained at 465K. In our experiments, it would take about 10 ∼ 30 minutes to arrive at temperature 420 ∼ 520K based on PID feedback control technology. The finite element model shown in Fig. 4 (b) is set up based on the ANSYS workbench 14.5 software. The heat transfer modes include heat conduction, heat convection and heat radiation. The heat conduction can be written by Fourier heat conduction law as follow [23] 
where q is the heat flux and k is the heat conductivity. The heat convection can be expressed by newton cooling equation as follow [23] where h is the heat transfer coefficient, T s is the temperature of solid surface and T B is the liquid temperature around the solid. The heat radiation can be expressed by StephenBoltzmann equation as follow [23] 
where q is the heat flow rate, ε is the rate of radiation, σ is Stephen-Boltzmann constant, A 1 is the area of radiation surface one, F 12 is the shape coefficient from radiation surface one to radiation surface two, T 1 is the absolute temperature of radiation surface one and T 2 is the absolute temperature of radiation surface two. The system energy balance equation of steady state thermal analysis can be expressed by [23] [K] {T } = {Q}
where [K] is the matrix of heat transfer, {T} is the node temperature vector and {Q} is node vector of heat flow rate. ANSYS uses the model geometric parameters, the thermal performance parameters of the material and the applied boundary conditions to generate [K], {T} and {Q}. The oven is heated in vacuum condition. After the system arriving at steady state, the heat convection and heat radiation can be ignored compared with the heat conduction. Therefore, the finite element solution is mainly based on the heat conduction transfer. The thermal conductivity of boronnitride and GE180 aluminosilicate are about 32 Wm −1 K −1 and 0.68 Wm −1 K −1 [17] . The pressures of 4 He and N 2 within the vapor cell are 400 torr and 15 torr respectively. The particle density of 4 He is about 3 × 10 19 cm −3 , which is much larger than that of N 2 and potassium atoms in the temperature of 373-523K. Therefore, the thermal conductivity of the hybrid vapor mainly depends on the thermal conductivity of 4 He shown in Table 1 . The coefficient of variation of temperature (CVT) could be used to evaluate the temperature distribution homogeneity and is given by CVT = f T aver (9) where T aver is the average temperature of the cube and f is the unbiased variance of temperature. T aver is expressed by T aver = T c dxdydz/V where T c is the temperature at the point (x, y, z) in the cube and V is the volume of the cube;
. Equation (9) shows that a smaller CVT (i.e. T c in all points is equal to T aver and CVT close to 0) means a more uniform temperature field.
III. RESULTS AND DISCUSSION
The more uniform the wiring of heating film, the more uniform the temperature distribution on the surface of heating film [25] , [26] . Assuming that the wiring of the heating film is uniform enough, the temperature distribution on the surface of the heating film can be approximately considered to be uniform. In the same heating temperature condition of six heating faces, the heating efficiencies in partial faces of the vapor cell were different because of the construction asymmetry of the oven in these faces, leading to the temperature spatial distribution non-uniformity inside the vapor cell. Here, the temperature spatial distribution inside the vapor cell in different heating temperature conditions was analyzed. Figure 5 (a), (c) and (e) show the temperature distributions at the position z = 0 mm in the same heating temperature of six heating faces which are 460K, 465K and 470K. The vapor cell temperature CVT values of (a), (c) and (e) are 0.00917, 0.00933 and 0.00948. To improve the temperature spatial distribution uniformity, the heating temperature T 2 was adjusted to 20K higher than T 1 . Figure 5 
adjusting the heating temperature T 2 . Thus, applying this asymmetrical heating method is a useful way to improve the temperature spatial homogeneity across the vapor cell.
To obtain the optimum heating temperature difference (T 2 − T 1 ) for this asymmetrical heating method, Figure 6 Table 2 . The minimum CVT of whole vapor temperature and average temperature in nine sensing areas could be obtained at the value of T 2 − T 1 = 17.1K and T 2 − T 1 = 20.5K in the condition of T 1 = 460K. Therefore, the best homogeneity of the vapor spatial temperature distribution and the best temperature uniformity in nine sensing areas could be obtained almost in the same heating condition. Similarly, the best homogeneity of the vapor spatial temperature distribution and the best temperature uniformity in nine sensing areas could be obtained at the value of T 2 − T 1 = 17.5K and T 2 − T 1 = 21.0K in the condition of T 1 = 465K. When T 1 is 470K, they are T 2 −T 1 = 18.0K and T 2 −T 1 = 21.5K. Based on this asymmetrical heating method, the optimum heating temperature has been calculated and the average temperature heterogeneity of nine sensing areas has improved a lot compared with heating in the same temperature (T 2 − T 1 = 0) in the large vapor cell. It would be an efficient method to improve the measurement signal irregularity for multichannel magnetic field measurement.
To acquire the most regular output signals for multichannel magnetic field measurement in the same measurement The minimum CVN value of the output signal is 0.0088 at the temperature difference T 2 − T 1 = 40.3K when T 1 is 465K. Therefore, the most regular output signals of the nine sensing areas can be obtained in this heating temperature condition. Likewise, the most regular output signal of the nine sensing areas can be obtained at the temperature difference T 2 −T 1 = 27.5K and T 2 − T 1 = 23.6K when T 1 is 460K and T 1 = 470K, respectively. The minimum output signal CVN in nine sensing areas decreases by 71.61%, 80.11% and 81.01% in the condition of T 1 = 460K, 465K and 470K compared with the CVN value of heating in the same temperature for six heating faces, respectively. In contrast to heating in the same temperature for six heating faces (T 2 − T 1 = 0K ), the asymmetrical heating method can obviously improve the output signals irregularity for multichannel magnetic field measurement in a large vapor cell.
It is noteworthy that the thermal conductivity of the hybrid vapor estimated according to 4 He would cause analysis deviation. In further research, the experiments measuring the accurate value of this parameter will be carried out. The obtained results are only valid for the specific geometry investigated in the simulations.
IV. CONCLUSION
In this paper, the temperature spatial distribution homogeneity in the large vapor cell based on the finite element model was investigated and the temperature spatial distribution was optimized using a novel asymmetrical heating method. By constructing the finite element model, the optimum heating arrangement for a more uniform temperature distribution in a large potassium vapor cell and the consistency of output signals from nine sensing areas in the large vapor cell have been numerically analyzed. The minimum temperature CVT declines by 4% compared with the heating method in the same temperature for six heating faces and the minimum CVN of output signal in nine sensing areas decreases by over 70%. This asymmetrical heating method can efficiently improve the temperature distribution homogeneity in the large cell and the multichannel magnetic field measurement signal calibration. Experimental exploration to study the action mechanism between the temperature homogeneity and the magnetometer output signal will be implemented in the next step. This method is promising could be a useful technique for applying OPAMs in simultaneous multichannel biomagnetic field measurements. 
